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Edited by Miguel De la RosaAbstract Circular dichroism and resolution-enhanced Fourier
transform infrared reveal induction of secondary structural ele-
ments on peptidyl-prolyl cis–trans isomerase A (PpiA) from
Mycobacterium tuberculosis upon binding cyclosporin A
(CsA). Thermal denaturation shows aggregation of PpiA at
higher temperatures (>70 C) and CsA fails to impart stabiliza-
tion in protein structure. However, CsA stabilizes PpiA structure
in urea denaturation. In presence/absence of CsA, urea-induced
reversible unfolding of secondary and tertiary structures follows
two-state and three-state transition, respectively. The chemical
unfolding results also demonstrate that loss in the tertiary struc-
ture precedes the loss in secondary structure both in presence and
absence of CsA at the initial stages. Fluorescence quenching sug-
gests presence of a positive barrier around tryptophan microen-
vironment of PpiA.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Mycobacterium tuberculosis, the dreaded pathogen of tuber-
culosis (TB) continues to claim several lives especially after the
appearance of multi-drug resistant TB (MDRTB) and HIV co-
infection. Although some genes have been annotated for viru-
lence inM. tuberculosis [1], the role of other genes in imparting
virulence should always be considered. PPIase ofM. tuberculo-
sis (PpiA) belongs to the immunophilin group of cyclophilins.
Cyclophilins, also known as rotamases or peptidyl-prolyl cis–
trans isomerases, catalyse the cis–trans isomerization of pep-
tide bonds, preferring those preceding proline residues [2,3].
Cyclophilins are phylogenetically highly conserved proteins
which act as PPIases and are involved in protein folding/Abbreviations: PpiA, peptidyl-prolyl cis–trans isomerase A of Myco-
bacterium tuberculosis; PpiA (H136W), PpiA (His136ﬁ Trp) mutant;
CsA, Cyclosporin A; CD, circular dichroism; FTIR, Fourier transform
infrared; amide I0 band, amide I band in 2H2O
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cyclophilins are ubiquitously distributed in diﬀerent cells and
organs, and important for peptidyl-prolyl cis–trans isomeriza-
tions, protein folding/repair, maintaining mitochondrial
functions, apoptosis, regulation of T-cell function and inﬂam-
mation, vascular disease, HIV infection, rheumatoid arthritis
and tumour biology [5]. Originally, cyclophilins are identiﬁed
as cellular binding proteins for the immunosuppressive drug
cyclosporin A (CsA) – a neutral cyclic undecapeptide carrying
several unusual sidechains and methylated amino acids from
Tolypocladium inﬂatum. Inhibition of the isomerase activity
of cyclophilin/PPIase in vitro on binding CsA may account
for the inhibitory eﬀects of CsA on the cellular functions
including protein folding and cytokine transcription by T-lym-
phocytes [6]. The biological roles of PpiA have not yet been
thoroughly investigated. Its location is presumably cytoplas-
mic as it lacks an obvious signal sequence or membrane-span-
ning segment. Most recently, cyclophilin A (CypA) was found
to be a component of HIV type 1 (HIV-1) virions and there-
fore, CypA incorporation into virions is inhibited by treatment
of infected cells with the immunosuppressive agent CsA – this
gives new dimensions in better understanding the interaction
of PpiA and CsA [7]. Among the few proteins in M. tuberculo-
sis that are expressed in high iron concentration and not in low
iron concentration, PPIase or Peptidyl-prolyl cis–trans isomer-
ase A is one of them [8]. The main fold of PpiA, with two mole-
cules in the asymmetric unit, consists of an eight-stranded
antiparallel b-barrel with one a-helix on each side, consistent
with human, Brugia malayi PPIase structures [9].
Various methods like X-ray crystallography, NMR, circular
dichroism (CD) and vibrational spectroscopy can be used for
structural investigations of proteins [10]. Infrared spectroscopy
allows the determination of the protein secondary structure
and may also provide information on the protein tertiary
and/or quarternary structure through the analysis of the
amide-I band and thermal denaturation studies [10–15]. Appli-
cations of CD to protein structure and folding have been
developed based on the characteristic origins of protein CD
spectra at near UV, far UV and near UV–Vis region [16].
Therefore, in order to obtain detailed information about the
structure, thermal stability and thermal unfolding of PpiA in
the absence and in the presence of CsA, Fourier transform
infrared (FTIR) and CD are used in this study. Protein folding
is an intriguing scientiﬁc challenge and one of the practical uses
of ﬂuorescence techniques is to obtain thermodynamic infor-
mation about transitions of macromolecules in the unfoldingblished by Elsevier B.V. All rights reserved.
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mutant H136W by site-directed mutagenesis. Alteration of
His136 to Trp is not only a change in the active site of PpiA,
but also it may serve as unique intrinsic ﬂuorophore as PpiA
has no other Trp residues. Quenching has been performed to
investigate the microenvironment of Trp in the active site of
CsA free/bound PpiA. To explore further on the unfolding
pathway, chemical and thermal denaturation studies have been
employed for PpiA mutant in presence/absence of CsA.2. Materials and methods
2.1. Materials
Deuterium oxide (99.9% 2H2O),
2HCl and NaO2H were purchased
from Sigma–Aldrich. Tris-(hydroxymethyl)-aminomethane (Trizma
base), Cyclosporin A (CsA), Tri-ﬂuoro ethanol, N-succinyl-Ala-Ala-
Pro-Phe-p-nitroanilide were also obtained from Sigma–Aldrich. All
other chemicals used were commercial samples of purest quality.2.2. Cloning, site-directed mutagenesis, expression and puriﬁcation of
PpiA
The gene Rv0009 is PCR ampliﬁed, cloned into pQE30 vector at
BamH1 and HindIII restriction sites and transformed in Escherichia
coli strain M15 (pREP4) (Qiagen) following our protocol [18]. Site-di-
rected mutagenesis was carried out at His136 residue to Trp [18]. Both
native as well as the mutant PpiA (H136W) were puriﬁed using the
same protocol. Complex of PpiA with CsA was prepared in a 1:2
molecular ratio. The concentration of PpiA was determined spectro-
photometrically based on the calculated absorbance of 1.0 for a
1 mg/ml solution at 280 nm.2.3. CD spectra
Far UV (190–240 nm) CD measurements were performed in a Jasco
J-810 spectropolarimeter using 0.1 cm quartz cell. The data points were
recorded using step resolution 0.2 nm, time constant 2 s, sensitivity
10 mdeg, scan speed 50 nm/min and spectral band width 2.0 nm with
four accumulations per sample. For thermal denaturation experiments,
the puriﬁed PpiA and PpiA–CsA, each at a concentration of 3 mg/ml
were incubated at 20 C and the temperature was increased to 40, 60,
80 and 100 C, respectively using temperature controller. The native
protein as well as its complex was incubated at least for 10 min in
the respective temperatures before accumulating the far UV spectra.
The spectra for PpiA–CsA in far UV were obtained by subtracting
the spectrum of CsA as a baseline from those for the PpiA–CsA mix-
tures. For the analysis of secondary structures DICHROWEB [19–21],
the online interactive server was used.2.4. Chemical denaturation by CD
The protein samples in 10 mM Tris–HCl, pH 8.0, 10 mM NaCl,
1 mM dithiothreitol were incubated with diﬀerent concentrations of
urea (0–6 M) for 15 min before spectral proceedings. The urea-induced
denaturation of PpiA(H136W) could be ﬁtted in a two-state model (1)
both in the absence and presence of CsA, respectively
N! U ð1Þ
The free energy change from the native (N) to the unfolded state (U)
was assumed to vary according to the empirical equation (2) [22–24]
DG ¼ DG0  m½D; ð2Þ
where the DG is the free energy change at equilibrium from native to
unfolded state at a particular denaturant concentration; the standard
free energy change (DG0) is the free energy change at zero denaturant
concentration; [D] is the denaturant concentration and m is the corre-
sponding slope of a plot DG against [D]. The values of DG0 and m were
estimated by ﬁtting the mdeg value at 222 nm (Sobs) against denaturant
concentration, [D] in Eq. (3) for two-state process [25]
Sobs ¼ SN þ SU expfðDGN!U  mN!U½DÞ=RTg
1þ expfðDGN!U  mN!U½DÞ=RTg ; ð3Þwhere SN and SU represent the CD222 intrinsic signal intensities of the
native and the unfolded states, respectively. DGNﬁU is the standard
free energies for the Nﬁ U transition and mNﬁU is the m-values
for the corresponding transition. The data were ﬁtted directly in Eq.
(3) by nonlinear least squares analysis using MATLAB 7.0.
2.5. Preparation of samples for FTIR
PpiA was analyzed in 10 mM Tris/HCl p2H 8.0, in the absence and
presence of 5 mM CsA. After concentrating the protein in stirred ultra-
ﬁltration cell-8050 (YM 10 membrane) to 3 mg/ml, a portion of the
protein was incubated overnight at 4 C with 5.0 mM CsA (dissolved
in methanol) in a 1:2 molecular ratio. Both the fractions containing
PpiA and PpiA–CsA were further concentrated into a volume of
100 ll using a 10 K Centricon micro concentrator (Amicon) at
4500 rpm and 4 C. Afterwards, 200 ll of Tris/HCl buﬀer was added
and the protein concentration was repeated several times unless the
original buﬀer was fully replaced by Tris/HCl, p2H 8.0. Altogether,
the buﬀer exchange took 24 h, this is the time of contact of the protein
with the 2H2O medium prior to FTIR. The ﬁnal concentration of the
protein was maintained at 3 mg/ml.
2.6. Infrared spectra
The concentrated sample was placed in a thermo-controlled cell ﬁt-
ted with CaF2 discs (32 mm diameter) and a 25 lm Teﬂon spacer. The
sample holder assembly was placed on a mount inside the sample com-
partment of the FTIR instrument. FTIR spectra was recorded by
means of a Thermo Nicolet, NEXUS 870 FTIR spectrophotometer
using a DTGS detector. For 36 h prior to experiment and throughout
data acquisition, the spectrometer was continuously purged with dry
air. Spectra of buﬀers and samples were acquired at 4 cm1 resolution
under the same scanning and temperature conditions. In the thermal
denaturation experiments, the temperature was raised in 5 C using
an external temperature controlling unit (Thermo Spectra-Tech).
Before each spectrum acquisition, samples were maintained at the de-
sired temperature for the time interval necessary for the stabilization of
temperature inside the cell (10 min). Spectra were collected and pro-
cessed using the OMNIC software from Thermo Nicolet, MATLAB
7.0 and PeakFit v2 1.4 (Systat Software Inc.). Correct subtraction of
H2O was veriﬁed to yield an approximately ﬂat baseline at 1900–
1400 cm1 [26], and the subtraction of H2O was adjusted to the re-
moval of the 2H2O bending absorption at 1220 cm
1 [27]. The
amide-I band contour of the absorbance spectra was ﬁtted in a multi-
ple Gaussian curve-ﬁtting process and Fourier self-deconvolution and
second derivative calculations were applied to estimate the number and
position of the component bands. The relative percentage of the sec-
ondary structural elements was obtained from the area under each
component of the Gaussian curve [28–30].
2.7. Fluorescence spectra measurements
Intrinsic tryptophan ﬂuorescence of the native and the chemically
denatured samples were monitored using FluoroMax 3 (Spex Instru-
ments, USA) spectroﬂuorimeter at 20 C equipped with a constant
temperature water circulating bath (NesLab). Spectra were taken by
multiple scans, and appropriate buﬀer blanks were subtracted from
respective measurements. A quartz cuvette of 0.1 cm path length was
used in all the experiments. Both the excitation and emission band-
widths were set at 1.5 nm. Emission spectra were recorded over the
range of 300–450 nm using 295 nm as the excitation wavelength.
2.8. Chemical and thermal denaturation monitored by ﬂuorescence
The protein samples in 10 mM Tris–HCl, pH 8.0, 10 mM NaCl,
1 mM dithiothreitol were incubated with diﬀerent concentrations of
urea (0–6.5 M) and (0–4 M) GdnHCl for 15 min before spectral pro-
ceedings.
Thermodynamic parameters of urea-induced unfolding process were
determined using a three-state model [22,25,31]. The urea-induced
denaturation of PpiA (H136W) was ﬁtted in a three-state model (4)
in the absence and presence of CsA, respectively
N ! I! U ð4Þ
The free energy change from the native (N) to the unfolded state (U)
through an intermediate state (I) was assumed to vary according to
the empirical equation (2).
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intensity (Sobs) against denaturant concentration, [D], in Eq. (5) for
three-state process [25]Sobs ¼ SN þ S1 expfðDGN!I  mN!I½DÞ=RTg þ SU expfðDGN!I  mN!I½DÞ=RTg expfðDGI!U  mI!U½DÞ=RTg
1þ expfðDGN!I  mN!I½DÞ=RTg þ expfðDGN!I  mN!I½DÞ=RT expfðDGI!U  mI!U½DÞ=RTg ; ð5Þwhere SN, SI and SU represent the intrinsic ﬂuorescence signal intensi-
ties of the native, intermediate and the unfolded states, respectively.
DGNﬁ I and DGIﬁU are the standard free energies for the Nﬁ I
and Iﬁ U transitions and mNﬁ I and mIﬁU are the m-values for the
corresponding transitions, respectively. The data were ﬁtted directly
in Eq. (5) by nonlinear least squares analysis using MATLAB 7.0.
The total free energy changes of unfolding of PpiA (H136W) in CsA
free and bound form were determined by adding the DGNﬁ I and
DGIﬁU. For thermal denaturation studies, the temperature was raised
gradually from 20 to 80 C in an increment of 5 C by temperature-
controlled water bath. The samples were allowed to equilibrate for
5 min at each temperature before the respective scans.
2.9. Fluorescence quenching
The quenching studies of the protein in unbound and complex forms
were performed using polar uncharged acrylamide, Cs+ and I at
20 C. The ﬂuorescence quenching was analyzed following the classical
Stern–Volmer equations [32,33]:
F 0=F ¼ 1þ KSV½Q ¼ 1þ kqs0½Q; ð6Þ
where F0 and F are the ﬂuorescence intensities in the presence and ab-
sence of the quencher, [Q] is the molar concentration of the quencher,
KSV is the collisional quenching constant (M
1), kq is the bimolecular
quenching constant (M1 s1) and s0 is the unquenched excited state
ﬂuorophore lifetime. The ﬁnal concentration of the protein was main-
tained at 10 lm throughout the experiment.
2.10. PPIase assay
To validate the reversibility of PpiA unfolding, the peptidyl-prolyl
cis–trans isomerase or rotamase activity was measured for native PpiA
and PpiA (H136W) as well as with their renatured form after denatur-
ing by 3 M urea following the standard protocol [9]. In the a-chymo-Fig. 1a. Far UV CD spectra (190–240 nm) of PpiA (—) and PpiA–CsA c
indicates changes in PpiA structure in presence of CsA. The spectrum of PpiA
baseline from the PpiA–CsA mixture.trypsin coupled assay with the chromogenic peptide N-succinyl-Ala-
Ala-Pro-Phe-p-nitroanilide, the ﬁnal enzyme concentration was varied
from 22.5 to 45 nM.3. Results
3.1. CD spectroscopy
3.1.1. Structural investigation. Comparison of the far UV
(190–240 nm) spectra of PpiA and PpiA–CsA complex
(Fig. 1a) depicts a sharp change in signal above 225 nm. Ana-
lyzing the CD spectra by DICHROWEB, the percent of a
helix, b strands, turns and coils are found to be 4.8, 35.5,
18.7 and 41.0, respectively in PpiA. However, for PpiA–CsA,
a helix, b strands, turns and coils correspond to 6.5%,
38.6%, 22.9% and 25.2%, respectively, indicating the induction
of secondary structural elements upon CsA binding.
3.1.2. Thermal unfolding. With the increase in temperature
from 20 to 100 C, the peak intensity of both PpiA and PpiA–
CsA decreases. When the temperature from 4 C is raised to
22 C, the CD intensity of PpiA increases with signiﬁcant blue
shift by 5 nm. The peak intensity further decreases progres-
sively from 22 to 100 C with gradual red shift (Fig. 1b). The
denaturation is complete above 80 C. At 22 C, PpiA gives
strongest peak at 225 nm, while in complex with CsA, the peak
is blue-shifted to 228 nm. The peak intensity of PpiA–CsA de-
creases with gradual red shift as the temperature is raised and
the denaturation takes place at 60 C (Fig. 1c).
3.1.3. Chemical denaturation. With increase in urea con-
centration the intensity of CD222 increases in both PpiA and
PpiA–CsA, however, there is a sharp rise in CD signal at 2–
2.5 M urea for PpiA and 2.5–3 M urea in PpiA–CsAomplex (- - -) showing sharp change in CD signal after 225 nm. This
–CsA was obtained by subtracting the spectrum of CsA in buﬀer as a
Fig. 1b. Temperature dependent changes in the CD spectra of PpiA at 4 C (-j-), 22 C (-d-), 40 C (-m-), 60 C (-.-), 80 C (--) and 100 C (-b-).
With the increase in temperature from 4 to 22 C, the intensity increases with blue shift; however, the peak intensity gradually decreases further with
gradual red shift through increase in temperature. PpiA starts denaturing at 80 C.
Fig. 1c. Temperature dependent changes in the CD spectra of PpiA–CsA at 4 C (-j-), 22 C (-d-), 40 C (-m-), 60 C (-.-), 80 C (--) and 100 C
(-b-). With the increase in temperature, the peak intensity gradually decreases with gradual red shift. PpiA–CsA starts denaturing at 60 C.
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low the two-state unfolding pathway (Eq. (3)) and free energy
changes (DG) of the unfolding of CsA free/bound PpiA were
calculated at varying urea concentrations (Table 1). The tran-
sition mid point (D1/2) in presence and absence of CsA were
found to be 2.45 and 3.05 M urea, respectively. A plot of
DGtotal against urea concentrations yielded x-axis intercepts
of 2.5 and 3.0 M urea in the absence and presence of CsA,
respectively (plot not shown). This ﬁnding suggested the urea-
induced unfolding of PpiA occurred spontaneously at ureaconcentrations >2.5 and >3.0 M in the absence and presence
of CsA, respectively. Furthermore, the standard free energy
changes (DG0) of unfolding of PpiA were found to be 11.04
and 12.57 kJ M1 in the absence and presence of CsA, respec-
tively. This indicates stabilization of the folded protein second-
ary structure in presence of CsA.
3.2. FTIR spectroscopy
3.2.1. Structural investigation. The absorbance and resolu-
tion-enhanced spectra of PpiA and PpiA–CsA at 25 C are
Fig. 1d. Eﬀect of urea on the CD spectra (CD222) of PpiA (-h-) and PpiA–CsA (-j-). Readings from 0 to 5.5 M urea are reported.
Table 1
The DG-values of urea-induced unfolding reaction of PpiA (monitored
by CD222 mdeg values)
Urea (M) DGtotal in absence
of CsA (J M1)
DGtotal in presence
of CsA (J M1)
0 11040 12570
0.5 8785.5 10511.5
1.0 6531 8453
1.5 4276.5 6394.5
2.0 2022 4336
2.5 232.5 2277.5
3.0 2487 219
3.5 4741.5 1839.5
4.0 6996 3898
4.5 9250.5 5956.5
5.0 11505 8015
5.5 13759.5 10073.5
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tions [34–38], the bands below 1620 cm1 correspond to amino
acid side chain absorption; 1622, 1633, 1638 and 1676 cm1
bands correspond to b sheet; 1645 cm1 band corresponds to
unordered structures; 1650 and 1654 cm1 bands correspond
to a helix; and 1661, 1670, 1686 and 1697 cm1 bands corre-
spond to turns. Both in PpiA and PpiA–CsA, the peaks are
found for a helix, b sheet, amino acid side chain absorption
and random coils (Table 2). The calculation of secondary
structure content reveals approximately 20% a helix, 30% b
sheet, 22% turns and 20% random coils for PpiA and 25% a
helix, 33% b sheet, 31% turns and 14% random coils for
PpiA–CsA. X-ray crystallographic structure of PpiA [9] reveals
12.9% a helix, 26.3% b sheet, 1.8% 310 helix and 59.1% others.
Though both CD and FTIR results reveal induction of second-
ary structural elements in PpiA upon interaction with CsA, a
signiﬁcant diﬀerence is observed in the percentage of a helix
content (Table 3).
A small peak at 1549 cm1 in PpiA and PpiA–CsA taken in
2H2O (results not shown) represents the residual amide II band
after 1H/2H exchange of the amide hydrogens of the polypep-tide chains. The amide II band is particularly sensitive to the
exchange of amide hydrogen with deuterium. In our experi-
ments done in 2H2O, the intensity of the amide II band de-
creases from 82% to 27.5% in comparison to the intensity of
the amide I band, showing a considerable 1H/2H exchange
and greater accessibility of the PpiA to solvent.
The superimposed spectra of PpiA and PpiA–CsA reveals
that the amide I 0 band shapes are slightly diﬀerent (Fig. 2c),
indicating that CsA binding induces small changes in the sec-
ondary structure of the protein as revealed from CD and
FTIR. In PpiA and its complex with CsA, the relative intensi-
ties of the a helix and b sheet bands are diﬀerent, and the latter
band is positioned at a higher wave number in PpiA–CsA than
in PpiA, indicating lower accessibility of the solvent to the b
sheet [24]. The lower solvent accessibility of b sheet is due to
interaction of CsA with a number of amino acid residues form-
ing b sheet at the active site of the protein [10].
3.2.2. Thermal unfolding. The changes in the IR spectra of
PpiA and PpiA–CsA with increase of temperature are depicted
in Figs. 2d and 2e, respectively. The alteration of the amide I 0
band shape (1700–1600 cm1) is not very signiﬁcant for PpiA
till 75 C, but the perturbation is high after 75 C, indicating
large loss of secondary structural elements. Loss of secondary
structures can be seen above 65 C in PpiA–CsA. Two peaks
close to 1616 and 1683 cm1 start to appear with gradual in-
crease in temperature in PpiA after 75 C. In PpiA–CsA, the
peak at 1682 cm1 grows stronger with increase in temperature
and is most prominent after 65 C. The bands close to 1617
and 1683 cm1 arise due to intermolecular protein interac-
tions/aggregation that occurs as a result of denaturation pro-
cess. Thus the ﬁgures prove that the presence of CsA
aggravates the denaturation process at higher temperatures.
With increase in temperature, the a helix band intensity de-
creases sharply after 65 C in PpiA–CsA while it decreases
remarkably after 75 C for PpiA (Fig. 2f). The b sheet band
intensity also decreases continuously in both the cases with rise
in temperature; however, it falls sharply above 65 C in PpiA–
CsA and above 75 C for PpiA (Fig. 2g). The continuous de-
Fig. 2a. FTIR absorbance (A), second derivative (B) and deconvoluted spectra (C) of PpiA in 2H2O medium at 25 C.
Fig. 2b. FTIR absorbance (A), second derivative (B) and deconvoluted spectra (C) of PpiA–CsA in 2H2O medium at 25 C.
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reﬂects thermal sensitivity of these structural elements. In Figs.
2f and 2g, the curves, depicting decrease in a helix and b sheet
band intensity, cross each other at 70 C. This suggests that be-
low 70 C, CsA exerts a stabilizing eﬀect on the secondary
structural elements, while above this temperature CsA fails
to render thermostability in the secondary structural elements.
The stabilization of the structure below 70 C can be ascribedto the formation of hydrogen bonds and hydrophobic interac-
tion between CsA and PpiA. However, these interactions seem
to disappear at the higher temperatures resulting in destabiliza-
tion. The thermal denaturation of PpiA and PpiA–CsA was
found to be irreversible as the proteins were unable to refold
to their original form with gradual decrease in temperature.
The complete thermal denaturation process can be moni-
tored by plotting the amide I 0 bandwidth ðW1
2
HÞ as a function
Fig. 2c. The superimposed FTIR absorbance spectra of PpiA and PpiA
number in CsA bound PpiA.
Table 3
Estimation of secondary structure of PpiA and PpiA–CsA using CD
a-Helix (%) b-Sheet (%)
PpiA PpiA–CsA PpiA PpiA
CD 4.8 6.5 35.5 38.6
FTIR 20.0 25.0 30.0 33.0
Table 2
Location of secondary structural elements in PpiA and PpiA–CsA
using FTIR
Absorption PpiA PpiA–CsA
Amino acid side chain (cm1) 1615 1606, 1612, 1618
b sheet (cm1) 1631, 1637 1625, 1632, 1638, 1673
Random structures (cm1) 1642 1646
a helix (cm1) 1652, 1657 1652, 1658
Turns (cm1) 1682, 1695 1662, 1668, 1683, 1693
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increases with the increase in temperature as a consequence of
protein denaturation and aggregation (Figs. 2h and 2i). The
ﬁnal denaturation temperature for PpiA and that for PpiA–
CsA being above 75 and 65 C, respectively, clearly depicts
that binding of CsA to PpiA destabilizes the protein at higher
temperature compared to the uncomplexed analogue.
3.3. Fluorescence spectroscopy
3.3.1. Chemical denaturation. The intrinsic ﬂuorescence for
the native protein was characterized by a maximum emission
wavelength at 347 nm (excitation at 295 nm). With gradual in-
crease in urea concentration from 0 to 4.5 M, the intrinsic ﬂuo-–CsA
and FT
–CsArescence intensity of PpiA (H136W) gradually increased with
concomitant red shift of the emission maximum from 347 to
355 nm. However, the intensity decreased at 5 M urea concen-
tration and again started increasing to the maximum at 6.5 M
urea with almost no peak shift (Fig. 3a). The ﬂuorescence
intensity increased by 48% when the urea concentration was
increased from 0 to 2.5 M, the sharp change occurring at 2–
2.5 M. However, increasing the urea concentration from 4.5
to 5 M resulted in 19% decrease in the peak intensity. The
intensity again increased to maximum at 6.5 M urea by 86%
compared to the native signal. In presence of CsA, there was
a continuous red shift (9 nm in total) from 0 to 6.5 M urea con-
centration with maximum peak shift occurring between 4 and
5 M denaturant concentration (Fig. 3b). There was 58% in-
crease in the ﬂuorescence intensity at 6.5 M urea in CsA bound
protein compared to its native state. The unfolding kinetics of
PpiA in presence/absence of CsA was found to be completely
reversible (results as supplementary). The urea-induced
unfolding isotherm was best ﬁtted in three-state equation, i.e.
Nﬁ Iﬁ U both in presence and absence of CsA. The three
state model was also validated from GdnHCl mediated dena-
turation of PpiA (H136W). The ﬂuorescence intensity in-
creased sharply from 0 M to 1 M GdnHCl, however, it
started to decrease from 1 to 2 M GdnHCl with signiﬁcantin 2H2O showing shift in the absorbance spectrum towards higher wave
IR spectroscopy
Turns (%) Random coils (%)
PpiA PpiA–CsA PpiA PpiA–CsA
18.7 22.9 41.0 25.2
22.0 31.0 20.0 14.0
Fig. 2d. Eﬀect of temperature on the FTIR absorbance spectra of PpiA in 2H2O medium. Spectra from 25 to 75 C with 5 C increments are
reported.
Fig. 2e. Eﬀect of temperature on the FTIR absorbance spectra of PpiA–CsA in 2H2O medium. Spectra from 25 to 75 C with 5 C increments are
reported.
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creased progressively beyond 2 M denaturant (ﬁgure in supple-
mentary). The ﬂuorescence intensity experienced sharp 25%
rise in 0 to 1 M transition. Increasing the GdnHCl concentra-
tion by another 1 M resulted in loss of ﬂuorescence signal by
14%. Addition of higher concentrations of GdnHCl (3–4 M)did not change the intensity of the ﬂuorescence compared to
that at 1 M. In urea-induced unfolding experiments, the tran-
sition mid point of the ﬁrst transition [D1/2(N–I)] and the second
transition [D1/2(I–U)] of PpiA were found to be 1.8 and 5.77 M
urea, respectively, whereas the same in CsA-bound form were,
respectively, 2.95 and 4.49 M. The free energy changes (DG) of
Fig. 2f. Temperature-dependent changes in the a helix band intensity
of PpiA (–s–) and PpiA–CsA (–d–). The graph is generated by
analyzing the deconvoluted spectra in 2H2O.
Fig. 2g. Temperature-dependent changes in the b sheet band intensity
of PpiA (–s–) and PpiA–CsA (–d–). The graph is generated by
analyzing the deconvoluted spectra in 2H2O.
Fig. 2h. Temperature-dependent changes in the amide I 0 band intensity
of PpiA. The graph is generated by analyzing the absorbance spectra
of PpiA in 2H2O.
Fig. 2i. Temperature-dependent changes in the amide I 0 band intensity
of PpiA–CsA. The graph is generated by analyzing the absorbance
spectra of PpiA–CsA in 2H2O.
6854 D. Mitra et al. / FEBS Letters 580 (2006) 6846–6860the unfolding of PpiA were calculated (Table 4) at varying urea
concentrations in the absence and presence of 5 mM CsA, fol-
lowing Eq. (5). These results indicate that the transition from
the native to the intermediate step (DGNﬁ I) of the urea-in-
duced unfolding of PpiA(H136W) is more favorable process
than its transition from the intermediate to the unfolded state,
e.g. in the presence of 1.5 M urea, DGNﬁ I and DGIﬁU of the
protein were found to be 1.6 and 5.7 kJ M1, respectively. The
total DG (DGtotal) of PpiA unfolding was obtained by adding
the free energy changes from the native to intermediate
(DGNﬁ I) and intermediate to unfolded state (DGIﬁU). A plot
of DGtotal against urea concentrations yielded x-axis intercepts
of 2.6 and 3.8 M urea in the absence and presence of CsA,
respectively (plot not shown). This ﬁnding suggested the
urea-induced unfolding of PpiA occurred spontaneously aturea concentrations >2.6 M and >3.8 M in the absence and
presence of CsA, respectively. Furthermore, the standard free
energy changes of unfolding of PpiA (at zero urea concentra-
tion) were found to be 16.994 and 21.578 kJ M1 in the ab-
sence and presence of CsA, respectively. The higher DG0 of
unfolding in presence of CsA compared with native protein
might be due to destabilization of the unfolded state in pres-
ence of this inhibitor.
3.3.2. Thermal denaturation. Thermal denaturation exper-
iments were also performed to validate the multi-step unfold-
ing model. With the increase in temperature from 25 to
30 C, there was a small blue shift by 3 nm for PpiA
(H136W) and the intensity of ﬂuorescence increased by
29.7% till 50 C with no further shift in wave length. After
50 C, the ﬂuorescence intensity steadily decreased by 22% at
80 C (Fig. 3c). In ligand bound state (with CsA), with increase
in temperature from 20 to 40 C, the intensity dropped by 11%
Fig. 3a. Fluorescence-emission spectra of PpiA (H136W) at diﬀerent urea concentrations ranging from 0 to 6.5 M. Excitation was done at 295 nm
and ﬂuorescence was recorded from 300 to 450 nm. The protein spectra at 0 M (-n-), 0.5 M (-d-), 1.0 M (-m-), 1.5 M (-.-), 2.0 M (-r-), 2.5 M (-b-),
3.0 M (-c-), 3.5 M ( ), 4.0 M ( ), 4.5 ( ), 5.0 M ( ), 5.5 M (-+-), 6.0 M (-·-) and 6.5 M (--) urea concentrations were collected monitoring intrinsic
tryptophan ﬂuorescence.
Fig. 3b. Fluorescence-emission spectra of CsA-bound PpiA (H136W) at diﬀerent urea concentrations ranging from 0 to 6.5 M. Excitation was done
at 295 nm and ﬂuorescence was recorded from 300 to 450 nm. The protein spectra at 0 M (-j-), 1.0 M (-d-), 2.0 M (-m-), 3.0 M (-.-), 4.0 M (-r-),
5.0 M (-b-), 6.0 M (-c-) and 6.5 M ( ) urea concentrations were collected monitoring intrinsic tryptophan ﬂuorescence.
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intensity decreased steadily when the temperature was further
raised to 80 C with signiﬁcant red shift of 12 nm (Fig. 3d).
However, the temperature denaturation curves could not be
ﬁtted in two-state or three-state model, thereby suggesting pos-
sible aggregation with increase in temperature.
3.3.3. Quenching. Aqueous ﬂuorescence collision quench-
ers have been used extensively to measure the exposure of tryp-
tophan residues to the aqueous environment [39,40]. Theeﬃciencies of the indole ﬂuorescence quenching for acrylamide
and I have been shown to be ﬁve times higher than the eﬃ-
ciency for Cs+ [32]. Cs+ and I are two quenchers that may col-
lide with exposed indole groups, and also with groups located
in a negative or positive environment, respectively. Acrylamide
can quench both exposed and unexposed residues [39]. Fig. 3e
shows the dependence of the relative intrinsic ﬂuorescence
intensity of free PpiA (H136W) and its bound form with
CsA with the acrylamide concentration monitored at 347 nm
Table 4
The DG-values of urea-induced unfolding reaction of PpiA (monitored by intrinsic tryptophan ﬂuorescence)
Urea (M) In absence of CsA In presence of CsA
DGNﬁ I (J M
1) DGIﬁU (J M
1) DGtotal (J M
1) DGNﬁ I (J M
1) DGIﬁU (J M
1) DGtotal (J M
1)
0 9591 7403 16994 7118 14460 21578
0.5 6929.5 6761.5 13691 5912 12851 18763
1.0 4268 6120 10388 4706 11242 15948
1.5 1606.5 5478.5 7085 3500 9633 13133
2.0 1055 4837 3782 2294 8024 10318
2.5 3716.5 4195.5 479 1088 6415 7503
3.0 6378 3554 2824 118 4806 4688
3.5 9039.5 2912.5 6127 1324 3197 1873
4.0 11701 2271 9430 2530 1588 942
4.5 14362.5 1629.5 12733 3736 21 3757
5.0 17024 988 16036 4942 1630 6572
5.5 19685.5 346.5 19339 6148 3239 9387
6.0 22347 295 22642 7354 4848 12202
6.5 25008.5 936.5 25945 8560 6457 15017
The DGtotal for each concentration of urea was calculated by adding DGNﬁ I and DGIﬁU.
Fig. 3c. Temperature induced unfolding of PpiA (H136W), monitored by intrinsic tryptophan ﬂuorescence at 347 nm (-j-). The temperature was
raised from 25 to 80 C in an increment of 5 C. The thermal unfolding proﬁle indicates biphasic denaturation of the protein.
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of ﬂuorescence signal with the increasing concentration of
Cs+ and I. Almost no bathochromic ﬂuorescence shift was
observed for any quencher when the concentration increased,
indicating the absence of protein denaturation (data not
shown). A linear dependence was inferred between the intrin-
sic ﬂuorescence intensity of PpiA (H136W) and the concen-
tration of acrylamide, Cs+ or I. The quenching results could
be best represented by classical Stern–Volmer plot. All ﬂuores-
cence measurements for the three quenchers were carried
out at the same ionic strength (0.01 M NaCl). The colli-
sional quenching constant is greater for the polar uncharged
acrylamide (KSV = 3.263 M
1) than the respective ones for
the ionic quenchers, and likewise greater for the anionic
quencher I (KSV = 1.492 M
1) than for the cationic Cs+
(KSV = 0.2113 M
1). The lower value of collisional quenching
constant in PpiA(H136W)-CsA (KSV = 2.992 M
1) with acryl-amide indicates interaction of CsA with tryptophan at the
active site of the protein structure. The quenching results with
PpiA (H136W) suggest that the tryptophan residue is to some
extent buried in the protein matrix, where the polar uncharged
acrylamide can diﬀuse but the ionic compounds have little
access. In addition, the lack of quenching by Cs+ indicates a
presence of positive barrier shielding the tryptophan microen-
vironment.
3.4. PPIase assay
To prove the reversibility of PpiA unfolding pathway, en-
zyme activity was measured for denatured PpiA and PpiA
(H136W) mutant with 3 M urea followed by subsequent rena-
turation, using a spectrophotometric assay where the cisﬁ-
trans isomerization was measured at 15 C (Figs. 4a and 4b).
Under these conditions, renatured PpiA has a kcat/Km of
4.4 · 105 M1 s1, and therefore shows similar activity to PpiA
Fig. 3d. Temperature induced unfolding of CsA bound PpiA (H136W) monitored by intrinsic tryptophan ﬂuorescence at 347 nm (-j-), showing
multi-state unfolding process. The temperature was raised from 25 C to 80 C in an increment of 5 C. The thermal unfolding proﬁle indicates
biphasic denaturation of the protein–ligand complex.
Fig. 3e. Fluorescence quenching of the native PpiA(H136W). Stern–Volmer plots of the quenching of the single tryptophan-containing
PpiA(H136W) in presence of acrylamide (e), CsA and acrylamide (s), iodide (h) and cesium (*). The ionic strength in each case was maintained by
0.01 M NaCl.
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observed also in case of PpiA (H136W) mutant refolding (kcat/
Km is 5.6 · 105 M1 for renatured PpiA (H136W) against
8.76 · 105 M1 s1 for non-denatured analogue).4. Discussion
Both CD and FTIR spectra suggests induction of secondary
structural elements in PpiA upon binding CsA. Though, FTIR
result is more compatible to X-ray structure compared to CDanalysis, both techniques are particularly useful for compara-
tive studies and infrared spectroscopy may distinguish between
b sheets having diﬀerent hydrogen bonding pattern. Since the
potential sources of error in the CD and infrared spectroscopic
methods are diﬀerent, these two techniques are highly comple-
mentary and, therefore used in conjunction. The lower accessi-
bility of b sheet residues towards solvent upon interaction with
CsA is revealed from FTIR. Despite such interactions, CsA
fails to render further thermostability in PpiA beyond 65 C.
This result is also compatible with CD data. The protein–li-
gand interaction suggests involvement of b sheet residues
Fig. 4a. Isomerization activity of PpiA after successive denaturation by 3 M urea and renaturation at ﬁnal enzyme concentrations of 22.5 nM (-d-),
and 45 nM (-m-), measured in a coupled assay using the chromogenic peptide N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide and a-chymotrypsin,
compared with the spontaneous background rate of cisﬁ trans isomerization in the absence of PpiA (-h-). The inset shows the linear relation
between kobs = (kcat/Km) · [PpiA] and the protein concentration [PpiA].
Fig. 4b. Isomerization activity of PpiA (H136W) after successive denaturation by 3 M urea and renaturation at ﬁnal enzyme concentrations of
22.5 nM (-d-), and 45 nM (-m-), measured in a coupled assay using the chromogenic peptide N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide and
a-chymotrypsin, compared with the spontaneous background rate of cisﬁ trans isomerization in the absence of PpiA (-h-). The inset shows the
linear relation between kobs = (kcat/Km) · [PpiA (H136W)] and the protein concentration [PpiA (H136W)].
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interaction with residues of a helices is detected. FTIR results
indicate temperature-mediated destabilization of both a helix
and b sheet in PpiA and PpiA–CsA in a similar fashion. There-
fore, it should be considered that the infrared signal belonging
to a particular secondary structure is emitted by all protein
segments adopting that secondary structural motif [27]. Thus,it is possible that stabilization of a particular secondary struc-
tural element is not detected because it is too small compared
to the total structural characteristics of the other elements.
The three-dimensional folded conformation of a protein is
controlled by its amino acid sequence; however, the folding
process if far from being understood [41,42]. Analysis of
unfolding and refolding intermediates provides valuable infor-
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such as the autonomous folding of domains, the relationship
of folding and oligomerization processes and determining the
thermodynamic signiﬁcance of subunit interface interactions
[43–47]. Spectroscopy is very useful in identifying the existence
of an intermediate, characterizing its spectral properties, and
determining the thermodynamics of the unfolding transitions
[17]. Therefore, coupling CD and FTIR with ﬂuorescence spec-
troscopy is worth studying for better understanding of the
unfolding pattern of PpiA secondary structure as well as its
tertiary structure both in presence and absence of CsA. Chem-
ical denaturation in CD suggests two-state unfolding process
for both CsA free/bound PpiA with D1/2 at 2.5 and 3.0 M urea,
respectively. The unfolding of PpiA (H136W) was found to be
reversible by ﬂuorescence studies and the activity of renatured
PpiA (H136W) after denaturing it by 3 M urea was also tested.
After renaturation by dilution, PpiA (H136W) showed kcat/Km
of 5.6 · 105 M1 s1, very much comparable to the native pro-
tein kcat/Km of 8.76 · 105 M1 s1. The assay was further con-
ducted to crosscheck the rotamase activity of PpiA (after
denaturation with 3 M urea followed by renaturation), which
indicated reversibility of the process (kcat/Km of renatured
PpiA = 4.4 · 105 M1 s1 against 6.34 · 105 M1.s1 of native
PpiA). Therefore, the unfolding of PpiA could be ﬁtted into
two-state or three-state equations. Fluorescence experiments
indicate that the unfolding of PpiA (H136W) proceeds by
two-step (three state) unfolding process both in free and
CsA-bound conformations with respective spontaneous dena-
turation above 2.6 and 3.8 M urea respectively. The process
can be either dimer (D)ﬁ 2 monomers (2I)ﬁ 2 unfolded
monomers (2U), where the intermediate ‘I’ can be further un-
folded by denaturant in a cooperative manner; or dimer
(D 0)ﬁ partially unfolded dimer (D 0)ﬁ 2 unfolded monomers
(2U), where the partially unfolded dimeric state (D) can be fur-
ther unfolded to unfolded monomers. The higher DG0 of
unfolding of PpiA in presence of CsA suggests counteractive
eﬀects of CsA on urea-induced unfolding of PpiA. This can
be either due to stabilization of the native state or destabiliza-
tion of the unfolded state. However, the phenomenon is just
the opposite in thermal denaturation experiments in presence
of CsA. Since increase in urea concentration enhances polarity,
thereby increase the stabilization of hydrogen bonding/hydro-
phobic interactions between PpiA and CsA. Thus it may be
hypothesized that the counteractive eﬀect of CsA in urea in-
duced denaturation arises primarily due to stabilization of
the folded state of PpiA.
The crystal structure of PpiA [9] reveals two molecules in the
asymmetric unit, where the interface interaction is mainly
through loops [18]. Localization of CsA binding residues re-
veals that CsA does exert inﬂuence on the residues present in
the dimeric interface. Moreover, superimposition of all Ca
atoms of CsA-bound PpiA and one chain of PpiA crystal
structure results in root mean square deviation of 8.61 A˚, indi-
cating strong inﬂuence of CsA on PpiA structure. In chemical
denaturation monitored by ﬂuorescence, the half denaturation
point of the ﬁrst transition [D1/2(N–I)] and that for the second
transition [D1/2(I–U)] of PpiA were found to be 1.8M and
5.77 M urea, respectively, whereas the values in CsA-bound
form were 2.95 and 4.49 M, respectively. This data clearly de-
picts stabilization of Dﬁ I transition in CsA bound protein
might have occurred due to stabilization of the loops at the di-
meric interface. The biphasic unfolding pattern of PpiA(H136W) is also supported by GdnHCl denaturation process.
The initial loss of tertiary structure (ﬁrst unfolding transition)
for PpiA and PpiA–CsA occurs at 1.8 and 2.95 M urea, respec-
tively. However, no loss of secondary structure (monitored by
ellipticity change at CD222) for PpiA and PpiA–CsA was evi-
dent below 2.5 and 3.0 M urea, respectively. Thus, the results
demonstrate that loss in the tertiary structure precedes the loss
in secondary structure both in presence and absence of CsA at
the initial stages of urea-induced unfolding. This result indicate
that the chemical unfolding of PpiA and PpiA–CsA from na-
tive to unfolded state proceeds through an intermediate with
signiﬁcantly decreased tertiary structure but almost native like
secondary structure.
The dependence of the relative intrinsic ﬂuorescence inten-
sity of free and CsA-bound PpiA(H136W) with acrylamide,
Cs+ and I was best ﬁtted with classical Stern–Volmer equa-
tion showing only dynamic quenching for the protein. The
higher value of KSV of free PpiA (H136W) compared to the
bound form indicates greater accessibility of tryptophan resi-
due in free form. This result is also compatible with location
of Trp136 at the CsA binding active site region. The lower
accessibility of ionic quenchers suggests presence of a charged
barrier around Trp residue in the active site of PpiA(H136W).
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